INTRODUCTION
The human red-cell anion exchanger (band 3 ; AE1) is a multifunctional polytopic membrane transporter that has been studied extensively as a model for this class of integral proteins (reviewed in [1] [2] [3] ). It comprises two domains that are structurally and functionally distinct : the 43 kDa N-terminal cytoplasmic domain (residues 1-359) is involved in functions unrelated to anion transport, whereas the 52 kDa C-terminal integral membrane domain (b3mem ; residues 360-911) is both necessary and sufficient to mediate the chloride-bicarbonate exchange function [4] [5] [6] . The membrane domain is thought to traverse the bilayer 12 or 14 times [2, [7] [8] [9] [10] [11] and has been shown to contain a high proportion of α-helical structure [12] . Two-dimensional crystallography has yielded a low-resolution structural model of the dimeric membrane domain [13] indicating the presence of three subdomains within the monomer and shows that the crosssectional area of the molecule in the plane of the membrane is sufficient to permit the packing of up to 14 α-helical transmembrane (TM) spans.
In previous work, we have reported that functionally active band 3 can be expressed in the plasma membrane of Xenopus oocytes from pairs of complementary fragments separated within the fourth or sixth cytoplasmic loops and the third or fourth extracellular (EC) loops, but not in the first and second EC loops or with any of the individual fragments [14, 15] . In subsequent studies, we showed that several combinations of three or four complementary fragments (i.e. simultaneously divided in two or three of these permissive loops) co-assemble into the functional anion transporter [16] . These results, combined with evidence from reassembly studies of other proteins [17] [18] [19] [20] [21] [22] [23] , makes it increasingly clear that the specific association of discrete subdomains might be a general property of polytopic integral membrane proteins.
The TM topology of band 3 has been studied extensively by protein chemical and computation approaches (reviewed in [3, 7, 24, 25] ). Although the topology of the N-terminal eight spans is reasonably well established, the number and identity of the remaining spans that comprise the C-terminal portion remain controversial [8] . N-glycosylation is a co-translational event in which the luminal oligosaccharyltransferase adds the core oligosaccharide unit to an asparagine residue in the acceptor motif (Asn-Xaa-Ser\Thr), provided that it is more than 12 residues away from the end of the preceding TM span and further than 14 residues from the start of the following TM span [26] . The introduction of N-glycosylation motifs into putative intracellular (IC) and EC loops has proved to be useful in refining the topology of several multispanning membrane transporters, including cystic fibrosis TM conductance regulator [27] , Glut1 hexose transporter [28] and sodium glucose co-transporter [29] . Recently, this approach has been used to refine the topology model of band 3 and to identify with increased accuracy the membranous limits of the TM spans [8] . However, it is notable that the insertion of a glycosylation site at Lys-743 (which is cytoplasmic in band 3 in red cells) was unexpectedly found to become partly N-glycosylated in microsomes [8] . This residue might be exposed transiently to the lumen of the endoplasmic reticulum (ER) during folding, resulting in competition between the processes of folding and N-glycosylation. It is also possible that this region exhibits alternative TM topologies [30] as part of the functional cycle of the protein.
In the present study we have prepared complementary N-and C-terminal fragments that are separated in three previously undissected loops and show that two of these new pairs of fragments can generate transport-active protein when coexpressed in Xenopus oocytes. Secondly, we have prepared a series of constructs in which a short polypeptide containing a potential N-glycosylation acceptor site has been appended to the N-terminus of each C-terminal fragment. We compare the microsomal integration and orientation of the various TM spans of band 3 either individually or in the presence of one, several or all of the following spans. This approach has identified several spans that fold and insert broadly in accordance with the ' twostage model ' [31] . The topology of the other spans is influenced by interactions with adjacent regions. These results suggest that the membrane insertion of the TM spans of band 3 is not a simple sequential process involving successive signal anchor and stop transfer sequences [32] . These experiments allow us to define interacting TM regions in the protein, which provide constraints that should be helpful in building a three-dimensional structural model from the two-dimensional topology map of this polytopic membrane protein.
MATERIALS AND METHODS

Materials
The following were used : T7 mMessage mMachine4 and T7 MEGAscript4 in itro transcription kits (Ambion) ; rabbit reticulocyte lysate, canine pancreatic microsomes and TNT4 coupled transcription and translation kit (Promega) ; Sculptor oligo-
Table 1 Construction of N-and C-terminal fragments of b3mem
The nomenclature and amino acid composition of each of the truncated fragments used in this paper are shown. The putative IC or EC loop location of each truncation site is shown in Figure  1 . The site between Glu-755 and Val-756 might be located in either IC loop 5 or EC loop 6 owing to the unconfirmed topology of this region of band 3. An asterisk indicates the inclusion of the sequence Val-640 to Arg-646 (which contains the endogenous N-glycosylation site at Asn-642) in fragments truncated within EC loop 4. The PCR mutagenesis primers used to truncate the b3mem cDNA are shown ; the Nco I or Bst EII sites used for cloning are underlined and the ATG initiator codon or TCA terminator anticodon is shown in bold. 
Band 3 cDNA constructs
The cDNA clones encoding human red-cell band 3 (pBSXG1.b3 ; residues 1-911), the membrane domain of band 3 (pBSXG1.b3mem ; residues 361-911) and glycophorin A (pBSXG.GPA) have been detailed previously [6] . Asn-593 and Asn-642 were mutated individually to Ser by oligonucleotidedirected mutagenesis with the Sculptor kit, as described [33] to yield constructs pBSXG1.b3N593S and pBSXG1.b3N642S.
Construction and subcloning of band 3 membrane domain fragments
Ten complementary pairs of N-and C-terminal fragments of the band 3 membrane domain (b3mem) were prepared by truncation in each of the putative loops containing at least seven extramembranous amino acid residues, i.e. not the loops between TM spans 2-3, 9-10, 11-12 and 13-14. B3mem fragment cDNA species (Table 1) were generated by PCR mutagenesis with pBSXG1.b3mem, pBSXG1.b3N593S or pBSXG1.b3N642S as template, as used previously [14, 15] . The N-terminal fragments were prepared by the incorporation of a translation termination codon into the coding sequence of b3mem and deletion of the region of the cDNA on the 3h side of this termination codon. Interactions between transmembrane regions Alternative topology proposed in [8] . The penultimate truncation site is within the region of unconfirmed topology.
Each anti-sense PCR primer contained a BstEII restriction enzyme site and a termination codon, followed by the particular 17-20 nt sequence that perfectly matched the b3mem cDNA encoding the five to seven residues immediately before the truncation. The C-terminal fragments were prepared by insertion of a methionine codon and deletion of the region of the b3mem cDNA immediately upstream of this protein initiator codon. Each sense PCR primer contained an NcoI restriction enzyme site (underlined) and a methionine codon (in bold) followed by the particular 15-21 nt sequence that perfectly matched the portion of b3mem cDNA encoding the first five to seven residues that would follow in-frame with the initiator methionine residue. After amplification, the cDNA species were digested with BstEII or NcoI, recircularized and cloned in Escherichia coli strain TG2. Putative IC and EC loops are indicated in Figure 1 (A), in accordance with the 14-span model of band 3 [2, 7, 34] . An alternative topology map [8] , in which the break between Glu-755 and Val-756 is assigned to EC loop 6 rather than IC loop 5, is shown in Figure 1 (B). The cloning of fragments bm(1 : 5), bm(1 : 7), bm(1 : 8), bm(1 : 12), (9 : 14) and (13 : 14) have been described [14, 16] . Additional fragment cDNA species (not shown in Table 1 ) have been described in a previous study [15] with slightly different nomenclature : the C-terminal fragments designated gp(2 : 14), gp(4 : 14), gp(6 : 14) and gp(*8 : 14) have the the 19-residue cleav- 
Addition of an N-terminal glycosylation marker to C-terminal fragments
A series of C-terminal fragments were prepared with a 22-residue sequence of the EC loop 4 of band 3 (which includes an Nglycosylation acceptor site) inserted before the normal N-terminus of the fragment. These ' Gtag ' constructs encoded MSVSNSSARGWVIHPLGLRSES followed in-frame by the initiator methionine residue and the sequence of the corresponding C-teminal fragment. Equimolar quantities of the sense and anti-sense complementary oligonucleotides 5h-CATGAGC-GTTTCGAATTCCTCAGCCCGTGGTTGGGTAATTCAT-CCATTAGGGCTGCGTTCGGAGAG-3h and 5h-CATGCTC-TCCGAACGCAGCCCTAATGGATGAATTACCCAACCA-CGGGCTGAGGAATTCGAAACGCT-3h were annealed to form a short piece of double-stranded DNA with NcoI-compatible cohesive ends. Each C-terminal fragment cDNA (in pBSXG1) was linearized with NcoI and religated in the presence of a 200-fold molar excess of the annealed oligonucleotides. Ligation mixtures were then digested with NcoI to remove religated parental cDNA and subcloned in E. coli.
Construction of small fragment cDNA species without subcloning
cDNA species encoding small polypeptide fragments containing between one and four TM spans were prepared directly by PCR (Table 2 ) and the products were used directly to prepare cRNA. Both normal and ' Gtag ' series of C-terminal fragment clones acted as templates for amplification with the various anti-sense primers that had been used to generate the N-terminal fragment series (Table 1) . A unique sense PCR primer 5h-GGATGT-GCTGCAAGGCGAT-3h, which annealed to pBSXG1 [6] approx. 50 nt upstream of the T7 site, was used for all the amplifications.
Transcription in vitro, expression in Xenopus oocytes and cellfree translation
The T7 mMessage mMachine and T7 Megascript kits were used to prepare capped and uncapped cRNA species either by the transcription in itro of HindIII-linearized plasmid DNA or directly from PCR-amplified DNA. The isolation of oocytes, microinjection of capped cRNA species and chloride uptake assays in the presence and absence of 2 mM 4,4h-dinitro-2,2h-stilbene disulphonate (DNDS) were performed as detailed previously [6, 16] . Cell-free translation was performed in the rabbit reticulocyte lysate system with canine pancreatic microsomes and -[$&S]-methionine for 60 min at 30 mC with either capped or uncapped cRNA species. Alternatively, a coupled transcription\translation system was used to translate closed circular plasmid cDNA. The competitive N-glycosylation acceptor peptide BzNLT was included in some reaction mixtures (60 µM final concentration), as described previously [33] . Microsomes were stripped of peripheral proteins and isolated by centrifugation in 7 mmi20 mm tubes through 120 µl of alkaline cushion [250 mM sucrose\100 mM sodium carbonate (pH 11.5)] at 70 000 rev.\min (g av l 189 000) for 20 min at 4 mC in a TLA100 ultracentrifuge (Beckman Instruments). Integral membrane protein translation products were separated on Laemmli [35] or tricine [36] SDS\PAGE gels ; the efficiency of N-glycosylation was determined by scanning densitometry.
RESULTS
Nomenclature of C-terminal fragments
In this paper the nomenclature of fragments truncated in EC loops has been modified from that used previously [14] [15] [16] 37] . First, the symbol ' * ' has been introduced to indicate the inclusion of the amino acid sequence Val-640 to Arg-646 (which includes the endogenous N-glycosylation site at Asn-642) in constructs truncated within EC loop 4. Thus fragments previously designated bm(1 : 7) a and (8 : 14) a are described here as bm (1 : 7) and (*8 : 14) . Secondly, the C-terminal fragments previously designated (2 : 14), (4 : 14) , (6 : 14) and (8 : 14) a [15] , which were all constructed with a GPA signal sequence preceding their Nterminus, are described here as gp (2 : 14) , gp(4 : 14), gp (6 : 14) and gp (*8 : 14) . This distinguishes them clearly from the leaderless Cterminal fragments (2 : 14), (4 : 14), (6 : 14) and (*8 : 14), which are introduced for the first time in this paper.
Functional co-expression of additional pairs of fragments divided in IC loops
By using PCR mutagenesis, we have prepared cDNA species encoding ten complementary pairs of N-and C-terminal band 3 membrane-domain (b3mem ; residues 361-911 of band 3) fragments that together represent the entire amino acid sequence of b3mem (Table 1) . Truncations were prepared in each putative IC and EC loop of b3mem that is considered to extend out of the membrane by at least seven residues [2, 7, 34] . However, our truncation site in IC loop 5 (between Glu-755 and Val-756) might have an alternative exofacial exposure at least some of the time during biosynthesis [8] .
In an earlier paper [14] we showed that co-expressed complementary fragments of band 3 divided at positions in IC loop 4 (8j6 span combination) and IC loop 6 (12j2 spans) could
Figure 2 Chloride uptake into oocytes expressing new b3mem fragments divided in IC loops
Oocytes were co-injected with pairs of b3mem-fragment cRNA species at equimolar concentrations equivalent to 15 ng of b3mem cRNA, together with 2.5 ng of GPA cRNA. The amount of each cRNA injected was (per oocyte) : 15.0 ng of b3mem, 5.7 ng of bm(1 : 4), 7.6 ng of bm(1 : 6), 9.9 ng of bm(1 : 8), 11.3 ng of bm(1 : 10), 12.2 ng of (5 : 14), 10.3 ng of (7 : 14), 8 .0 ng of (9 : 14) and 6.6 ng of (11 : 14) . Chloride influx (over 60 min) was measured 24 h after injection by using groups of 14-22 oocytes, either in Barths saline (hatched bars) or in Barths saline containing 2 mM DNDS (shaded bars). The DNDS-sensitive chloride influx can be derived from the difference between the mean values in the presence and the absence of DNDS. The bar indicates the S.E.M. of the chloride influx in each case. ***Highly significant (P 0.001 in t tests) differences between the chloride influx in DNDS-treated and untreated oocytes and the DNDS-sensitive influx into parallel sets of injected and uninjected oocytes.
reassemble into the functional anion exchanger in Xenopus oocytes. In the present paper we have co-expressed complementary pairs of fragments divided in IC loop 2 (4j10 spans), IC loop 3 (6j8 spans) and IC loop 5\EC loop 6 (10j4 spans), which were not examined previously. Groups of Xenopus oocytes were co-injected with cRNA species encoding the pairs of fragments bm(1 : 4)j(5 : 14), bm(1 : 6)j(7 : 14) or bm(1 : 10)j (11 : 14) . The cRNA encoding GPA was co-injected because GPA enhances the cell-surface expression of band 3 [6] and some complementary pairs of co-expressed band 3 fragments [14, 15] in oocytes. After a 24 h incubation to allow only a limited amount of protein expression, the chloride uptake was measured in groups of 14-22 oocytes over a 1 h period in the presence and the absence of the band 3 inhibitor DNDS (Figure 2 ). Oocytes injected with b3mem cRNA mediated a high level of DNDSsensitive chloride uptake, whereas oocytes co-injected with cRNA species encoding bm(1 : 8)j(9 : 14) mediated a slightly lower but nevertheless highly significant (P 0.001) level of DNDS-sensitive uptake, as observed previously [14] . The oocytes coexpressing either bm(1 : 6)j(7 : 14) or bm(1 : 10)j(11 : 14) mediated a broadly similar level of DNDS-sensitive uptake (P 0.001) as bm(1 : 8)j (9 : 14) . In contrast, no DNDS-sensitive chloride uptake was detected in oocytes co-injected with the cRNA species encoding bm(1 : 4)j(5 : 14). In subsequent experiments, cRNA-injected oocytes were incubated for 48 h rather than 24 h to allow greater quantities of protein to be expressed before the assay of chloride uptake (results not shown). Under these conditions, the co-expressed fragments bm(1 : 6)j (7 : 14) and bm(1 : 10)j(11 : 14) mediated maximal levels of DNDSsensitive influx (P 0.001) similar to those of b3mem. However, injection of any of the fragment cRNA species individually, or co-injection of oocytes with the pair of cRNA species encoding Interactions between transmembrane regions
Figure 3 Chloride uptake into oocytes expressing new b3mem fragments divided in EC loops
Oocytes were injected with cRNA species at concentrations equimolar to those used for Figure 2 . The amount of each cRNA injected was (per oocyte) : 15.0 ng of b3mem, 3.6 ng of bm(1), 14.7 ng of gp(2 : 14), 14.2 ng of (2 : 14), 4.9 ng of bm(1 : 3), 13.6 ng of gp(4 : 14), 13.0 ng of (4 : 14), 6.6 ng of bm(1 : 5), 11.9 ng of gp(6 : 14), 11.3 ng of (6 : 14), 8.5 ng of bm(1 : 7), 9.9 ng of gp(*8 : 14), 9.3 ng of (*8 : 14) and 2.5 ng of GPA cRNA. Chloride influx was measured 24 h (A) or 48 h (B) after microinjection by using groups of 18-26 oocytes, as described in the legend to Figure 2 . The variation in the DNDS-insensitive chloride uptake rate between experiments reflects a property of oocytes from different Xenopus toads. The bar indicates the S.E.M. of the chloride influx in each case. ***Highly significant (P 0.001 in t tests) differences between the chloride influx in DNDS-treated and untreated oocytes and the DNDS-sensitive influx into parallel sets of injected and uninjected oocytes.
bm(1 : 4)j(5 : 14) did not result in any significant DNDS-sensitive uptake. We conclude that the integrity of IC loop 3, 4, 5 ( Figure  2 ) or IC loop 6 [14] is not essential for functional reassembly from two fragments.
Functional co-expression of additional pairs of fragments divided in EC loops
In a previous paper [15] we showed that co-expressed complementary pairs of whole band 3 fragments truncated in EC loop 3 (5j9 span combination) or EC loop 4 (7j7 spans) would reassemble into the functional anion exchanger in Xenopus oocytes. In contrast, pairs of fragments truncated in EC loop 1 (1j13 spans) or EC loop 2 (3j11 spans) did not result in functional co-expression. In these experiments, each of the Cterminal fragments was preceded by the in-frame cleavable signal sequence of the type I single-spanning membrane protein GPA. This was employed to ensure that the initial TM span of the Cterminal fragments, here designated gp(2 : 14), gp(4 : 14), gp (6 : 14) and gp(*8 : 14), was incorporated into the membrane with the correct N out -C in orientation. For each of the fragments except gp(2 : 14), a high proportion of the GPA leader was cleaved by signal peptidase in microsomal membranes [15] . In this study we prepared the analogous C-terminal fragments without the GPA leader, here designated (2 : 14), (4 : 14), (6 : 14) and (*8 : 14) , and tested whether these fragments would assemble into the correctly folded structure in oocytes (Figure 3) . Figure 3 (A) shows the results of injecting oocytes with cRNA species encoding the fragments bm(1 : 5)jgp (6 : 14) , bm(1 : 5)j (6 : 14), bm(1 : 7)jgp(*8 : 14) and bm(1 : 7)j(*8 : 14), either as complementary pairs or as individual fragment cRNA species. In each case, GPA cRNA was co-injected. After incubation for 24 h at 18 mC, all four pairs of fragments mediated a high level of DNDS-sensitive chloride uptake (P 0.001), irrespectively of whether the C-terminal fragment possessed the GPA leader sequence. As expected, none of the individual fragments was functional. Figure 3(B) shows the results of a similar experiment with the fragments bm(1)jgp(2 : 14), bm(1)j(2 : 14), bm(1 : 3)j gp(4 : 14) and bm(1 : 3)j (4 : 14) . In this case, the influx assay was performed after a 48 h incubation of oocytes at 18 mC to improve the overall sensitivity of the assay to low levels of chloride uptake. However, none of the four complementary pairs of fragments showed statistically significant chloride uptake compared with uninjected oocytes in either the presence or the absence of DNDS. To confirm that the oocytes in the batch were competent, cRNA species encoding bm(1 : 5)j(6 : 14) were coexpressed and shown to mediate a very high (P 0.001) level of DNDS-sensitive uptake. We conclude that the GPA leader sequence is neither essential for functional reassembly of the fragments truncated in EC loops 3 and 4 nor responsible for the lack of DNDS-sensitive chloride uptake by the fragments truncated in EC loops 1 and 2.
Orientation and integration of the N-terminal span of each Cterminal fragment
A key factor in determining the correct structure of C-terminal fragments is likely to be the orientation of the first TM span. In the ' sequential model ' for insertion [32] , the orientation of each span is determined by that of its immediately preceding span ; in more complex models for assembly, proximal or distal spans, either preceding or following in the primary sequence, could assist in topogenesis and assembly, whether expressed in cis-or trans-polypeptides. We have used a glycosylation insertion mutagenesis approach to examine the TM orientation of the Nterminus of each C-terminal span. A 22-residue extension (the ' Gtag ') was added to the N-terminal end of the C-terminal fragments (2 : 14), (4 : 14) , and so on. The resulting series of constructs were designated Gtag(2 : 14), Gtag (4 : 14) , and so on. The ' Gtag ' sequence is identical with a large portion of EC loop 4 and contains an Asn residue in the context of the endogenous glycosylation site of b3mem. The distance between the newly inserted Asn residue in the ' Gtag ' and the methionine that forms the initiator in normal C-terminal fragments was 18 residues. This provided sufficient spacing from the putative membrane boundary to allow the oligosaccharyltransferase enzyme to gain access to the receptor site [26] . Constructs containing both the natural N-glycan addition site at Asn-642 and the ' Gtag ' have the potential to add two N-glycan chains, as demonstrated with intact band 3 mutants [38] . Popov et al. [8] used a similar approach (inserting all 35 residues of EC loop 4) to assess the topology of each of the smaller EC and IC loops of intact band 3. In principle, glycosylation insertion mutagenesis should detect either transient or stable exposure of the N-terminus to the ER lumen [8] . However, the possibility exists that the addition of a recombinant tag can affect the topology of the structural element to which it is appended and that the ' Gtag ' could itself form interactions that favour certain configurations.
A series of coupled transcription\translation reactions were performed with the rabbit reticulocyte lysate TNT system (Promega) in the presence of canine pancreatic microsomes. To confirm the identity of glycosylated and unglycosylated bands, translations were performed with both ' Gtag ' and normal Cterminal fragments in the presence and the absence of the competitive acceptor peptide BzNLT. The additional 22 residues caused each ' Gtag ' fragment to run approx. 2 kDa higher than the corresponding normal C-terminal fragment. Fragments Gtag(2 : 14), Gtag(4 : 14), Gtag(5 : 14), Gtag(6 : 14) and Gtag (7 : 14) each contained the endogenous glycosylation site at Asn-642 as well as the potential glycosylation site in the ' Gtag '. In contrast, Gtag(9 : 14) and Gtag (11 : 14) contained only the glycosylation motif in the ' Gtag ' sequence. Figure 4B ) are expressed as a percentage of total protein that was either monoglycosylated (hatched columns) or diglycosylated (filled columns). The glycosylation of each fragment was compared with that of the endogenous site in b3mem.
Fragment (2 : 14) was glycosylated at the endogenous site with a lower efficiency (32 %) than either intact b3mem (70 %) or the other C-terminal fragments (4 : 14), (5 : 14), (6 : 14) and (7 : 14) and (*8 : 14) (between 45 % and 75 % of the total protein). This suggests that the omission of TM span 1 alone affected the topology and\or structure of the loop between spans 7 and 8, at least in a proportion of the molecules. It is not clear whether this was due to inefficient membrane integration or a reversed topology for this loop. Furthermore, Gtag(2 : 14) contained a lower proportion of diglycosylated molecules than Gtag(4 : 14) and Gtag(6 : 14), which were predominantly translated with Nglycan chains added to both the ' Gtag ' and the endogenous site. This indicated that Gtag(2 : 14) was less likely to insert with both its N-terminus and EC loop 4 facing the lumen than either Gtag(4 : 14) or Gtag (6 : 14) .
Most of the Gtag(5 : 14) and Gtag(7 : 14) molecules were glycosylated at only one putative site. The level of this glycosylation (between 50 % and 70 %) was similar to that of (5 : 14), (7 : 14) and b3mem. The diglycosylation of only a minority (less than 10 % of the total protein) background level of Gtag (5 : 14) and Gtag(7 : 14) molecules was consistent with the predicted cytoplasmic disposition of the N-terminus of these fragments. However, the fragment Gtag (7 : 14) .N642S showed unexpectedly high levels of single-site glycosylation (40 %). Because the only N-glycosylation motif in this fragment was located within the Nterminal ' Gtag ', it seems that the N-terminal span of Gtag (7 : 14) .N642S exhibited greater topological bivalence than that of Gtag(7 : 14). The presence of the endogenous glycan chain in the loop between spans 7 and 8 might itself have stabilized the structure of this loop. This might have influenced the orientation of span 7 to favour the correct location of the N-terminus (in the cytoplasm).
Asn-593 is located in IC loop 3 within a putative glycosylation motif that is not modified in intact band 3 [33] . To confirm that Gtag(6 : 14) and (6 : 14) were glycosylated at Asn-642 and not at Asn-593, the corresponding fragments were constructed containing the N642S and N593S mutations. The fragments Gtag (6 : 14) .N593S and (6 : 14).N593S yielded virtually identical results with those of Gtag(6 : 14) and (6 : 14) respectively ; in contrast, Gtag (6 : 14) .N642S and (6 : 14).N642S contained one fewer glycan chain than the wild-type fragments. These results confirmed that (6 : 14) and Gtag(6 : 14) were glycosylated in EC loop 4 and not in IC loop 3, similarly to intact band 3.
The constructs Gtag(9 : 14)and Gtag(11 : 14) contained only one glycosylation motif, located in the ' Gtag ' sequence. However, translation of both these fragments resulted in substantial levels of glycosylation (65 % and 46 % respectively), indicating that in both cases the N-terminus was exposed to the ER lumen. Although the N-terminus of Gtag (11 : 14) is in a region of b3mem that has given controversial results in glycosylation scanning mutagenesis experiments with the whole molecule [8] , the Nterminus of Gtag (9 : 14) is clearly predicted to be cytoplasmic in all topology models.
Interactions between TM spans affect topology and assembly
We prepared band 3 fragment cDNA species encoding fragments containing between one and four spans (Table 2) , with and without the ' Gtag ' sequence appended at the N-terminus. Uncapped cRNA species were translated ; the microsomal membranes were purified by ultracentrifugation through an alkaline sodium carbonate cushion ( Figure 5A ). The ' Gtag ' polypeptide sequence increased the apparent molecular mass of the polypeptide by approx. 2 kDa. Fluorographs of gels derived from up to four independent cell-free translation experiments were scanned and the combined results were expressed as a percentage of total protein that was either monoglycosylated or diglycosylated ( Figure 5B ).
TM spans 2-4
Fragments (2 : 3), (2 : 4), (2 : 5), (4) and (4 : 5) were each detected as a unique unglycosylated band ( Figure 5A, lanes 1, 4, 7, 10 and  13) , showing that these fragments could insert into the membrane in the absence of their preceding sequence. Although integrated into microsomes, the N-terminus of Gtag(2 : 3) was poorly glycosylated (less than 5 %) ( Figure 5A , lane 2) in comparison with Gtag(2 : 4) and Gtag(2 : 5), which were substantially glycosylated (46 % and 55 % ; lanes 5 and 8). This indicated that the presence of span 4 increased the luminal exposure of the Nterminus of spans 2-3. Similarly, the N-terminus of Gtag(4) was poorly glycosylated (7 %) ( Figure 5A , lane 11) in comparison with Gtag(4 : 5) (38 % ; lane 14) , indicating that the region containing span 5 facilitated the glycosylation of the N-terminus of span 4.
TM spans 5-6
Fragments (5), (6), (6 : 7) and (6 : 7*).N642S were all detected as single unglycosylated bands ( Figure 5A, lanes 16, 19, 22 and 33 ). Fragment Gtag (5) was poorly glycosylated at the N-terminus (12 %) ( Figure 5A, lane 17) , which was consistent with the predicted N in -C out orientation of this span. Although we prepared the constructs Gtag(5 : 6) and Gtag (5 : 7), the chymotrypsinsensitive EC loop 3 (between spans 5 and 6) was too highly susceptible to proteolysis to show whether spans 6 and 7 affected the membrane integration of span 5 (results not shown). Fragments Gtag(6), Gtag(6 : 7) and Gtag(6 : 7*).N642S were each monoglycosylated at the N-terminus (65 %, 86% and 85 %) ( Figure 5A, lanes 20, 23 and 34) , which was consistent with the predicted N out -C in topology of span 6. Fragment (6 : 7*), containing a C-terminal glycosylation site at Asn-642, was monoglycosylated at a similarly high level (65 %) ( Figure 5A , lane 27) to that of b3mem. The major product of Gtag(6 : 7*) and Gtag(6 : 7*).N593S was diglycosylated (64 % and 64 %) ( Figure 5A, lanes 29 and 32) with smaller amounts of monoglycosylated fragment (17 % and 19 % ; lanes 29 and 32). Fragments (6 : 7).N593S, Gtag(6 : 7).N593S, (6 : 7*).N593S and Gtag(6 : 7*).N593S ( Figure 5A, lanes 25, 26, 31 and 32) all gave results identical with those obtained with the corresponding wild-type fragments (lanes 22, 23, 27 and 29), indicating that Asn-593 was not glycosylated in any of these contructs. Overall, these results indicated that the fragments containing spans 6-7 inserted into the membrane with both the N-and C-termini exposed to the ER lumen, as predicted by the topology model. The faint band observed in the ' Gtag ' fragment samples at the same position as the corresponding unglycosylated wild-type fragment might have resulted from alternative initiation with the methionine codon downstream of the ' Gtag ' sequence. We conclude that span 6 possesses particularly strong autonomous N out -C in topogenic activity.
TM spans 7-8
Fragment (7) was observed as a unique unglycosylated band ( Figure 5A, lane 36) . Fragment (7*), which included the endogenous glycosylation site at Asn-642, was detected with an unexpectedly low level of C-terminal glycosylation (10 %) ( Figure  5A , lane 37). This contrasts with the result of fragments (6 : 7*) and (7 : 8), which were highly glycosylated (65 % and 86 %) ( Figure 5A , lanes 27 and 43) at this site. Fragment Gtag(7*) contained putative glycosylation sites at both the N-and Cterminal ends of span 7. Although little diglycosylation was observed (3 %) ( Figure 5A , lane 41), Gtag(7*) was unexpectedly monoglycosylated to a greater extent (39 % ; lane 41) than the sum of Gtag (7) and (7*).
Fragments (7 : 8) and Gtag(7 : 8) were monoglycosylated to comparable extents (80 % and 86 %) ( Figure 5A , lanes 45 and 43) , and Gtag(7 : 8) was not diglycosylated (3 % ; lane 45). It is therefore highly likely that the monoglycosylation of Gtag(7 : 8) was at Asn-642 and the N-terminus of span 7 in these constructs was not exposed to the ER lumen, as predicted by the topology model. Although the major product of (7 : 8).N642S ( Figure 5A , lane 47) was a band of similar mobility to that of unglycosylated (7 : 8), a minor product of lower molecular mass was observed uniquely in (7 : 8) .N642S. This additional band, which was likely to have been a single-span proteolytic fragment, might indicate that EC loop 4 of (7 : 8).N642S was less tightly folded than (7 : 8) or Gtag(7 : 8).N642S. The N-terminus of Gtag(7 : 8).N642S was partly exposed to the ER lumen (15 %) ( Figure 5A, lane 48) ; although the level of glycosylation varied between samples, the mean was not as high as that of Gtag (7 : 14) .N642S (Figure 4) .
Fragments (*8) and (*8 : 10) were detected as monoglycosylated bands (38 % and 61 %) ( Figure 5A , lanes 54 and 57), in contrast with (8) and (8 : 10) (lanes 53 and 56), which were unglycosylated. This showed span 8 to have autonomous N out -C in topogenic activity, which was substantially increased in the presence of spans 9-10. # 1999 Biochemical Society Interactions between transmembrane regions TM spans 9-14 Fragments (9 : 10), (9 : 12), (11 : 12) and (13 : 14) were each detected as a unique unglycosylated band ( Figure 5A, lanes 59, 62, 65 and 50), as expected. Whereas Gtag(9 : 10) showed little glycosylation of the N-terminus (8 %) ( Figure 5A, lane 60) , which was consistent with the predicted N in -C out orientation of this span, Gtag(9 : 12) was highly glycosylated at the N-terminus (64 % ; lane 63), as observed with Gtag(9 : 14) in Figure 4 . This indicated that the interaction of spans 9-10 (which might comprise a single topogenic unit) with the span 11-12 region introduced a dynamic aspect or altered the structure of spans 9-10. Fragment Gtag(11 : 12) showed significant glycosylation (37 %) ( Figure 5A , lane 66) of the N-terminus of span 11, as observed with fragment Gtag (11 : 14) in Figure 4 . This result agreed with the N out -C in topology model for span 11-12 of band 3 [8] . In contrast, fragment Gtag (13 : 14) showed lower glycosylation (16 %) ( Figure  5A , lane 51) in agreement with the predicted N in -C out orientation of span 13 in the topology models.
DISCUSSION
In this study we have continued our investigation of functional complementation by co-expressed pairs of N-and C-terminal band 3 fragments [14] [15] [16] 37] . We have examined the effect of dividing band 3 in all the loops that have been predicted to extend from the bilayer by more than six residues (i.e. all except the loops between spans 2\3, 9\10, 11\12 and 13\14) and conclude that pairs of fragments truncated in any of six different putative loops within the C-terminal two-thirds of the molecule will co-assemble functionally from independent polypeptide chains. These pairs of N-and C-terminal fragments are folded correctly in the oocyte membrane and the integrity of the loops between spans 5\6, 6\7, 7\8, 8\9, 10\11 and 12\13 is not essential for anion exchange. Complementary pairs of fragments divided between spans 1\2, 3\4 and 4\5 were not functionally active but we have shown that at least two of these combinations co-assemble specifically in membranes [37] .
Post-translational assembly of functional band 3 from two or more fragments requires that the biosynthesis and membrane integration of each polypeptide chain closely approximates that of the intact protein. Small-scale rearrangements of structure might accompany the interaction of fragment pairs within the bilayer but it is thermodynamically unlikely that large changes in structure will occur at this stage [31, 39] . Although the factors influencing the topology and TM insertion of simple bitopic membrane proteins have been established, the features of eukaryotic multispanning membrane proteins that dictate their integration and assembly are less clear. According to the classic model, the N-terminus of the nascent polypeptide chain contains a hydrophobic signal sequence that interacts with the signal recognition particle to target the polypeptide to the membrane via the same Sec61p translocon complex as single-spanning
Figure 5 Biosynthesis and N-glycosylation of single or groups of spans in the cell-free system
(A) cDNA species were amplified by PCR ; cRNA transcripts were prepared directly. L- [ 35 S]methionine-labelled fragments were translated in the rabbit reticulocyte lysate cell-free system with canine pancreatic microsomes, as detailed in the Materials and methods section. Microsomal membranes were stripped of peripheral proteins and purified by ultracentrifugation (2 µl of translation mix) through an alkaline sucrose cushion (130 µl), then analysed by SDS/PAGE and fluorography on 12 % or 14 % (w/v) Tricine gels. Diglycosylated, monoglycosylated and unglycosylated ' Gtag ' products (j2, j1 and 0) and unglycosylated product lacking the Gtag () are identified for the right-hand group of constructs of each gel. The positions of molecular mass markers are indicated (in kDa) at the left. (B) The mean percentage N-glycosylation of Gtag(2 : 3), Gtag(2 : 4), Gtag(2 : 5), Gtag(4), Gtag(4 : 5), Gtag(7), (7*), Gtag(7*), (7 : 8) , Gtag(7 : 8), Gtag (7 : 8) .N642S, Gtag(9 : 10), Gtag(9 : 12), Gtag (11 : 12) , Gtag (13 : 14) and b3mem was determined by scanning fluorographs from four independent translations. Other values were derived from two independent translations. The bar on each column represents the S. D. The horizontal broken line indicates the mean percentage N-glycosylation at Asn-642 of b3mem. The constructs (2 : 3), (2 : 4), (2 : 5), (4), (4 : 5), (5), (6), (6 : 7), (6 : 7).N593S, (6 : 7*).N642S, (7), (7 : 8) .N642S, (8), (8 : 10), (9 : 10), (9 : 12), (11 : 12) and (13 : 14) were unglycosylated and are not shown. Filled columns, diglycosylated product ; hatched columns, monoglycosylated product. proteins ; subsequent spans can then integrate sequentially with alternating stop transfer (N out -C in ) and signal anchor (N in -C out ) polarities and assemble in a co-ordinated manner (reviewed in [40] ). However, the observation that C-terminal fragments of band 3 and other multispanning membrane proteins will fold tightly in the absence of the naturally preceding N-terminal residues indicates that these molecules possess multiple signals for insertion and co-translational assembly. In the present study we have compared the orientation of the first TM span of each C-terminal fragment with their topology in the current models of intact band 3, and investigated which spans can direct their own insertion or modify the insertion of adjacent TM spans. We discuss our results alongside those of Ota et al. [41, 42] , who recently assessed the topogenic functions of individual TM spans of band 3 in the cell-free system with the use of prolactin and\or E. coli leader peptidase fusion chimaeras.
TM spans 1-5
The region containing TM spans 1-5 will not permit division in any loops without a loss of function in oocytes (Figures 2 and  3B ). This suggests that the fragment bm(1 : 5) corresponds to a subdomain of band 3 (see also [43] ). Spans 1-5 are spaced in the primary sequence from the remainder of the membrane domain by the intervening EC loop 3 (Z-loop), which is variable in size and sequence across the anion-exchanger family [7] . Popov et al. [8] have shown that N-glycosylation acceptor sites introduced into EC loops 1 and 2 of band 3 are glycosylated with the same high efficiency as the endogenous glycosylation site in EC loop 4. This confirms the N out -C in orientation of spans 2 and 4 in intact band 3. However, we observed that the C-terminal fragment Gtag(2 : 14) was less efficiently glycosylated at both its N-terminal and endogenous acceptor sites than was either Gtag(4 : 14) or Gtag(6 : 14) (Figure 4 ). Previously we found [15] that the glycophorin leader sequence located at the N-terminus of fragment gp(2 : 14) was cleaved less efficiently by the luminal signal peptidase than that of gp(4 : 14) and gp (6 : 14) . These results suggest that the absence of span 1 has a widespread effect on the topology and structure of (2 : 14) . This effect is greater than the absence of spans 1-3 from (4 : 14). The glycosylation patterns of fragments Gtag(2 : 3), Gtag(2 : 4) and Gtag(2 : 5) demonstrate that span 4 is essential for the N out -C in orientation of span 2, at least in the absence of span 1. Ota et al. [41] found that both span 2 and spans 2-3 had poor stop transfer (N out -C in ) activity in the absence of span 1. However, they found good stop transfer activity of span 2 in constructs comprising spans 1-2 or 1-3. Furthermore, they showed that span 2 was dependent on the natural proximity of span 1 in the primary sequence : the introduction of a 200-residue spacer between the first two spans reduced by 3-fold the N out -C in activity of span 2. Hamasaki et al. [44] have shown that spans 2-3 but not spans 1, 4 or 5 are released by the proteolysis of red-cell band 3 after partial denaturation with alkali ; they concluded that spans 2-3 might interact with other parts of the protein rather than with the lipid.
Combining these results, we conclude that the correct membrane integration of spans 2-3 is dependent on interaction with both spans 1 and 4. South-East Asian hereditary ovalocytosis (SAO) is a genetic disease caused by the heterozygous presence of an abnormal band 3 that lacks nine residues (400-408) at the Nterminus of span 1 (reviewed in [45] ). Although the TM spans of SAO band 3 retain their α-helical structure, the tertiary structure of the entire membrane domain is disrupted by the deletion of this portion of span 1 [46] . The integrity of the short loop between spans 1 and 2 seems to be important for the global structure of the entire molecule.
We found that the N out -C in glycosylation of Gtag(4) was poor in comparison with that of Gtag(4 : 5) or Gtag(4 : 14) ; in contrast, Ota et al. [41] reported that span 4 had a good stop transfer activity individually. Our results suggest that there are interactions between the regions of TM spans 2 and 4, and between 4 and 5. It is conceivable that spans 4 and 5 interact with span 1 and spans 2-3, either inside or outside the translocon, to form the folded span 1-5 subdomain.
TM spans 6-8
In previous work, co-expression of the non-complementary fragments bm(1 : 5) and gp(*8 : 14) revealed that TM spans 6 and 7 are not essential for DNDS-sensitive chloride uptake [16] . The introduction and elimination of putative N-glycosylation sites in EC loops 3 and 4 has confirmed their luminal disposition in the cell-free system [8, 38] . We show that span 6 or span 8 is inserted with an N out -C in orientation in all the fragments that we have tested, independently of the influence of any neighbouring residues. The high level of glycosylation of the N-terminus of span 6 was particularly marked, in agreement with Ota et al. [42] , who hypothesize a novel mechanism by which the integration of spans 4, 6 and 8 facilitates the insertion of their respective preceding TM segments.
In contrast, spans 5 and 7 showed little or no evidence of luminal exposure of the N-terminus, in agreement with the band 3 topology model. Interestingly, the EC C-terminus of fragment (7*) was very poorly translocated to the ER lumen, which is consistent with the suggestion that span 7 has inadequate translocation initiation (N in -C out ) activity [41] . In contrast, we have found that Asn-642 of fragment (7 : 8) and the N-terminal fragment bm(1 : 8) are efficiently glycosylated in the cell-free system ( Figure 5 ). This indicates that the translocation of EC loop 4 into the ER lumen is very efficient when span 7 is followed by span 8. However, we also show that fragment (6 : 7*) is glycosylated efficiently at the C-terminus ( Figure 5) ; a construct similar to bm(1 : 7*) was reported to be N-glycosylated at Asn-642 at an intermediate level to that of intact b3mem [47] . These results demonstrate that span 6 facilitates the translocation of EC loop 4 into the lumen, even in the absence of span 8, and show that the interaction of spans 7 and 8 is not essential for efficient binding of the oligosaccharyltransferase. The earlier proposal of Tam et al. [47] that span 7 was an internal topogenic signal sequence was based on the efficient membrane integration and glycosylation of a fragment whose N-terminus was located at Thr-581 ; this fragment was 17 residues longer than our fragment (7*) and includes approx. 9 residues of putative span 6. We have found that fragment Gtag(7*) is more highly monoglycosylated than either Gtag(7) or (7*) and suggest that the extended N-terminus of either Gtag(7*) or the span 7 construct of Tam et al. might have contributed to the correct insertion of the C-terminus of span 7 in the bilayer.
The N-terminus of Gtag (7 : 14) .N642S was more highly monoglycosylated than would have been predicted by the low level of diglycosylation of Gtag (7 : 14) and the high level of monoglycosylation of both Gtag(7 : 14) and (7 : 14) (Figure 4) . Although less marked, a similar pattern was observed between Gtag(7 : 8).N642S, Gtag(7 : 8) and (7 : 8) ( Figure 5 ). Thus the Nterminus of the N642S constructs is not fixed in the cytoplasm, as expected from its topology in the intact protein. Glycosylation at the endogenous site (Asn-642) might stabilize the native structure in this region : either the interaction of Asn-642 in the loop between spans 7 and 8 with the oligosaccharyltransferase (or with glycan-dependent chaperones such as calnexin) in the ER might stop the luminal translocation of the N-terminus of span 7, or alternatively the carbohydrate itself might form stable interactions with the polypeptide chain. By these mechanisms, an assemblage of individual spans, each contributing inherent topogenic properties of different strength, could become stabilized within the nascent protein. Glycosylation-incompetent band 3 was functionally expressed in oocytes but only when the chaperone GPA was co-expressed [33] . A possible role for glycosylation in protein folding has been suggested previously [48] . Lack of structure in an unglycosylated loop between spans 7\8 might account for the increased susceptibility of this locus to proteolysis in the fragment (7 : 8).N642S. Recent accessibility mutagenesis studies have suggested that this loop might fold into a vestibule in the mature protein [9] .
TM spans 9-14
Topology models of band 3 differ extensively in their interpretation of the structure of the C-terminal end : the classic model contains six TM spans [2, 7] , whereas more recent models suggest four TM spans surrounding a region of undefined structure [8] [9] [10] [11] . This alternative structure was proposed after potential Nglycosylation sites were introduced between Ala-735 and Ala-750 of intact band 3 and were unexpectedly found to be partly glycosylated [8] . This suggested that a region of the mature protein that had been established to be IC in red cells [49] was exposed to the ER lumen during biosynthesis. Hamasaki et al. [44] found that approx. 40 residues on the C-terminal side of span 9 (including putative span 10) could be released from the membrane of alkali-treated red cells by proteolysis in situ. Recently, spans 9-10 and 11-12 have been proposed to form single topogenic units with N in -C out and N out -C in orientations respectively [41] , fully traversing the bilayer only twice.
We have shown previously that the C-terminal fragments (*8 : 14) and (11 : 14) are expressed stably in Xenopus oocytes in the absence of their complementary partners ( [37] , and J. D. Groves and M. J. A. Tanner, unpublished work). In contrast, fragment (9 : 14) could not be detected by immunoprecipitation from oocytes unless b3(1 : 8) was co-expressed [37] . Because (9 : 14) reassembles functionally with bm(1 : 8) in oocytes [14] , these results indicate that the structure of a portion of fragment (9 : 14) , probably spans 9-10 and is stabilized by interaction with span 8, even if this span is present in a trans-polypeptide. We show that the N-terminus of fragments Gtag(9 : 12) and Gtag(9 : 14) is exposed to the ER lumen but that this is not true of Gtag(9 : 10). Taken together, our results indicate that the N in -C out orientation of span 9 might be strongly favoured by interaction with span 8 and less strongly favoured by interaction with spans 11-14 ; in addition, the N-terminus of span 9 (i.e. IC loop 4) might acquire a dynamic aspect in the presence of spans 11-12. These unexpected observations suggest that the topology of the span 9-10 region might not be fixed but might depend on the particular interactions with other parts of the band 3 molecule that predominate at a given time. This topological bivalence could reflect different interactions resulting from changes in structure of this part of the protein that occur during the transport cycle. The N-terminus of fragments Gtag (11 : 12) and Gtag (11 : 14) was glycosylated, indicating exposure to the ER lumen similarly to that of the nearby region around Lys-743 in intact band 3 [8] . The structure-function and dynamics of the region containing spans 9-12 merit further detailed study.
Conclusion
The assembly of two or more regions of a membrane protein might be (1) directed by specific interactions between TM spans or loops that are distal in the primary sequence or (2) enforced by connectivity that physically prevents the separation of two adjacent elements of secondary structure. The ability of functional band 3 to co-assemble from pairs of fragments divided in any of six different loops indicates that connectivity is not essential in the assembly of the C-terminal two-thirds of the membrane domain. In contrast, co-expressed pairs of fragments divided in the loops between the N-terminal five spans were not functional. Whereas the correct interaction of spans 1 and 2 seems to depend on their close proximity in the primary sequence, spans 2 and 4 are more widely spaced in the polypeptide chain and hence are less likely to require connectivity for correct interaction. Because the membrane insertion of TM spans originates from the cytoplasmic side, then connectivity might be of greater importance in facilitating assembly across EC rather than an IC loops, in the absence of overriding topogenic factors (as with spans 6 and 8). Our results suggest that spans 1, 4-5, 6 and 8 might act as a scaffold for the assembly of spans 2-3, 7 and 9-10. The approach that we describe might provide a general method for dissecting the interactions between membrane-spanning regions in polytopic integral proteins.
